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AUXILIARY FREQUENCY PARAMETRIC 
EXCITATION OF QUADRUPOLE MASS 
SPECTROMETERS 

CROSS-REFERENCES TO RELATED 5 

APPLICATION 

The present application claims the benefit of U.S. Provi- 
sional Patent Application No. 61/422,929 entitled “Auxiliary 
Frequency Parametric Excitation of Quadrupole Mass Spec- 10 
trophotometers” filed on Dec. 14, 2010, which is hereby 
incorporated by reference herein in its entirety. 

STATEMENT OF GOVERNMENT INTEREST 

15 

This invention was made with government support under 
NNX08A005G and NNX09AL50H awarded by the National 
Space and Aeronautics Administration (NASA). The govern- 
ment has certain rights in the invention. 

20 

FIELD OF THE INVENTION 

This disclosure relates generally to mass spectrometry and, 
more particularly, to a system for creating practical paramet- 
ric excitation of quadrupole mass spectrometers (QMS) at 25 
auxiliary frequencies for enhanced resolution. 

BACKGROUND OF THE DISCLOSURE 

A mass spectrometer is an instrument used to measure the 30 
mass, or more specifically the mass to charge ratio, of ionized 
atoms or electrically charged particles. Mass spectrometers 
help determine the composition of an unknown sample by 
isolating ionized atoms based on their mass-to-charge ratio, 
measured in Atomic Mass Units per charge (AMU/q). Mass 35 
spectrometers find widespread application in the basic sci- 
ences, medicine, and space-based research. Two common 
space-related applications of mass spectrometry are the study 
of the composition of planetary atmospheres and the moni- 
toring of air quality on manned space missions. Although 40 
mass spectrometry has been used in space-related applica- 
tions for many years, usage in space presents unique design 
challenges, both in terms of detection sensitivity and logisti- 
cal considerations such as weight and power requirements. 

In early mass spectrometers, atoms or molecules were ion- 45 
ized by a hot filament and accelerated through the instalment 
under the influence of voltage gradients. The ions followed a 
semi-circular trajectory through the instalment, which uti- 
lized a strong magnetic field to selectively direct ions of a 
specific mass towards a detector. By controlling the strength 50 
of the magnetic field and the accelerating voltage, ions of 
different mass/charge ratios could be selectively guided 
towards the detector. These early mass spectrometers suffered 
from numerous deficiencies and drawbacks, most signifi- 
cantly the difficulty in achieving and maintaining a stable 55 
magnetic field. 

Quadnipole mass spectrometers (QMS) eliminated the 
need for magnetic fields. Similar to its predecessor, a QMS 
employs a hot filament to ionize the atoms or molecules. 
Ionization results from the conversion of normally neutral 60 
atoms or molecules to electrically charged particles. The ions 
are accelerated through a mass filter having four parallel 
metal rods, referred to as the quadnipole. DC and RF (fre- 
quency 12) voltages are applied to opposing pairs of these rods 
with opposite polarities to create an electric field inside the 65 
rod assembly. For a given DC and RF voltage, only ions of a 
certain mass-to-charge ratio will pass through the quadnipole 
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filter, while all other ions are thrown out of their original path. 
The stability region is defined by ion trajectories that are 
periodic and bounded. A detector placed at the end of the rod 
assembly opposite the ionizer measures those ions that pass 
through the quadnipole filter. A mass spectnim is obtained at 
the detector by measuring the ions passing through the qua- 
drupole filter as the voltages on the quadnipole rods are 
varied. The mass resolution of the QMS is the maximum 
atomic mass that can be distinguished. The maximum attain- 
able resolution is detennined by both the fidelity of the elec- 
tronics and the overall tolerances of the instrument design. 
Generally, the voltages employed in QMS systems are of the 
order of a few thousand volts to obtain a mass resolution of a 
few hundred Daltons. 

The quadrupole rods can be a circular or hyperbolic. Cir- 
cular rods are easier to manufacture and consequently 
cheaper. However, the quadrupole electric field produced 
with circular rods is slightly distorted, which can reduce the 
maximum attainable mass resolution of the instrument. Con- 
sequently, in applications requiring high mass resolution, the 
more difficult and expensive to manufacture hyperbolic rods 
are employed as quadrupole rods. 

To improve resolution, the electric field generated by the 
quadrupole rods can be perturbed by introducing an excita- 
tion RF signal at an auxiliary frequency (co) different from the 
fundamental frequency (Q). This perturbation causes the 
original stability region to break into smaller regions termed 
islands, including an ‘upper stability island.’ The result of this 
auxiliary frequency is the creation of bands of instability in 
the previously stable regions of the electric field. Charged 
particles having a mass within a certain range that previously 
passed through a stable region of the electric field may now be 
thrown off trajectory as they coincide with these islands of 
instability. In this way, the use of an auxiliary frequency to 
drive the quadnipole rods allows a QMS to operate with 
improved resolution. A QMS driven under an auxiliary fre- 
quency excitation is able to better differentiate between 
charged particles having close, yet different masses, or mass- 
to-charge ratios. The size and shape of the upper stability 
island is determined by the auxiliary frequency used and the 
amplitude of the excitation RF signal. To create an island of 
appropriate size, for example, the auxiliary frequency (m) 
inserted into the QMS system needs to be near an integer 
multiple of the fundamental RF frequency (i.e., w=0-0.1Q, 
0.9-1. IQ, 1 .9-2. 1 £3, etc.). Employing an excitation RF signal 
in one of these auxiliary frequency ranges in conjunction with 
the DC voltage U and the RF voltage V allows for improved 
resolution and discrimination between ions with small differ- 
ences in their mass-to-charge ratio. In general, the auxiliary 
signal amplitude required for appropriate island formation 
increases with auxiliary signal frequency. 

Unfortunately, this use of auxiliary frequency excitation 
presents problems in constrained applications, such as space- 
based applications, where it is advantageous for the QMS to 
have increased sensitivity and enhanced resolution to better 
detect and differentiate between complex molecules with 
higher masses. Having to excite the quadmpoles with an 
excitation RF signal at an auxiliary frequency in order to 
create islands of stability/instability requires higher power 
and increased complexity of the voltage control system. 
Additionally, the excitation RF signal must be driven at an 
amplitude that corresponds to a few hundred volts (-10% of 
the fundamental RF signal amplitude), to create islands of the 
appropriate size. However, in space-based applications, 
power and size is at a premium. 

Other factors that affect the resolution and accuracy of the 
measurement made by the QMS are imperfections in the rods 
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and limitations of the electronics. Furthermore, electronic 
component values drift with temperature and time, which can 
have the material effect of shifting the operating point of the 
quadrupole sufficiently to degrade the detected mass spec- 
trum. 5 

Thus there exists a need to enable a QMS to resolve species 
of heavy, complex molecules in a power efficient maimer, but 
also to improve the tolerance of the instrument to variations in 
electronic component values. 

to 

SUMMARY OF THE DISCLOSURE 

One aspect of the disclosure exploits the characteristic 
resonant properties of the QMS to increase the dynamic range 
of the excitation voltage amplitudes used for stability island 15 
formation by operating at high (a>=1.9fi-2.1Q) auxiliary fre- 
quencies. Another aspect of the disclosure is the insertion of 
an additional resonance at a desired auxiliary frequency (ui) 
into the QMS by the introduction of a resistive-inductive- 
capacitive (RLC) tank circuit, to allow for the creation of 20 
appropriately sized islands of stability using less power than 
other conventional techniques. The additional resonance 
enables power-efficient excitation of the QMS at the auxiliary 
frequency (w). Another aspect of the disclosure employs 
combinations of RLC networks within the resonant tank cir- 25 
cuit of the QMS to selectively create different resonance at 
any number of desired auxiliary frequencies (to). With the 
present techniques, these ratios of co/Q may be maintained at 
higher frequencies, e.g., 2, 3, 4, and 5Q, while still achieving 
an improvement in the power efficiency in comparison to 30 
conventional notions. Yet another aspect of the disclosure is to 
implement a feedback circuit to dynamically control ampli- 
tudes of all frequency components. 

In an embodiment, a method of isolating a sample charac- 
terized by a characteristic atomic mass unit value using a 35 
quadrupole assembly, the method includes: injecting the 
sample into the quadrupole assembly, where the quadrupole 
assembly is formed of two pairs of opposing quadrupole rods; 
and adjusting the impedance characteristic of the quadrupole 
rods to set a first resonant point and a second resonant point 40 
for the quadrupole assembly, such that the first resonant point 
substantially corresponds to a first resonant frequency of the 
quadrupole assembly and such that the second resonant point 
substantially corresponds to a second resonant frequency of 
the quadrupole assembly, wherein the second resonant fre- 45 
quency is different than first resonant frequency. 

In another embodiment, an apparatus to control a Quadra- 
pole Mass Spectrometer (QMS), the apparatus includes: an 
impedance network to receive a drive excitation signal to 
provide power to the QMS and to produce a frequency-de- 50 
pendent power usage level feedback signal; and a controller 
configured to transmit the drive excitation to the impedance 
network, wherein the controller is coupled to receive the 
frequency-dependent power usage level feedback signal and 
wherein the controller controls the amplitude component of 55 
the drive excitation signal. 

In yet another embodiment, a method for energizing a 
multi-resonant tank circuit with a composite signal, the multi - 
resonant tank circuit comprising a plurality of components 
wherein the plurality of components include a multiplicity of 60 
capacitive elements and a plurality of inductive elements, the 
method includes: generating a first signal having a first fre- 
quency, wherein the first frequency corresponds to a first 
resonant frequency of the multi-resonant tank circuit, and 
wherein the first signal is generated from a clock source; 65 
generating a second signal having a second frequency, 
wherein the second frequency corresponds to a second reso- 
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nant frequency of the multi-resonant tank circuit, and wherein 
the second signal is generated from the clock source; synthe- 
sizing a composite signal by utilizing the first signal and the 
second signal; and coupling the composite signal to the multi- 
resonant tank circuit thereby causing the multi-resonant tank 
circuit to be energized at, at least the first resonant frequency 
and the second resonant frequency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an example circuit of a pair of conducting 
rods used to create the electric field in the QMS. 

FIG. 2 represents an example where a second LC circuit is 
introduced in parallel with a pair of quadrapoles. 

FIG. 3 is a block representation of another example, where 
the series LC circuit of FIG. 2 is replaced with an impedance 
network. 

FIG. 4 is a block representation of an example multi-reso- 
nant tank circuit control system that may be used to control 
the operation of a QMS adapted with the impedance network 
of FIG. 3. 

FIG. 5 is yet another example of a multi-resonant tank 
circuit control system that may be used to control the opera- 
tion of a QMS adapted with the impedance network of FIG. 3 . 

FIG. 6 is a flow diagram of an example method for produc- 
ing auxiliary parametric frequency excitation of a QMS 
adapted with a multi -resonant apparatus. 

FIG. 7 is a flow diagram of an example method for tuning 
a QMS adapted with a multi-resonant apparatus. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

An example implementation includes a feedback control 
system to enable a QMS to efficiently achieve increased 
range, accuracy, and resolution at desired co/Q ratios. The 
system achieves this by tuning the frequency dependent char- 
acteristics of the QMS at the desired fundamental frequency 
Q and at the auxiliary frequency ot. A closed-loop tuning 
improves the stability of the measurement by adjusting for 
temporal drifts in the operating characteristics of the QMS 
and variations in operating temperature. 

FIG. 1 is a circuit schematic representation of an example 
tank circuit 10. The tank circuit 10 is comprised of a second- 
ary coil (inductor) 13 of transformer 12, the secondary coil 13 
having an inductance L a and a representative capacitive ele- 
ment 14 having a capacitance C qp . The capacitive element 14 
represents a capacitor formed by pairs of conducting rods 11 
used to create an electric field in an example QMS system and 
the capacitance C qp represents the intra-quadrapole rod 
capacitance between the pairs of quadrupole rods, where a 
QMS system is formed of two such pairs. Z,„ represents the 
input impedance of the tank circuit 10. 

The representative capacitive element 14 and the second- 
ary coil 13 each have frequency dependent and frequency 
independent impedance components. The tank circuit 10 
operates power efficiently when the frequency dependant 
impedance of the inductor 13 and the capacitive element 14 
are close to each other or equal. At a characteristic frequency 
of the tank circuit 10, the frequency dependent capacitive and 
inductive impedances cancel each other. The frequency at 
which this occurs is the resonant frequency, f 0 , of the tank 
circuit 10. Driving an electrical signal through the tank circuit 
10 or energizing the tank circuit 10 with an electrical signal at 
the resonant frequency f 0 is generally considered most effi- 
cient, from a power utilization perspective. Thus, by selecting 
the fundamental frequency Q of an RF signal used to energize 
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the QMS to be as close to the characteristic resonant fre- 
quency f 0 of the tank circuit 10 (comprising the intra-quadru- 
pole rod capacitance C and the inductor 13 of inductance 
L 0 ), the efficient generation of appropriate voltages across the 
quadrapole rods 11 is assured. Preferably, the fundamental 5 
frequency £2 substantially corresponds to the characteristic 
resonant frequency f 0 of the circuit by being within a fre- 
quency range such that the impedance of the tank circuit is 
within its -3 dB value of the peak impedance value at f 0 . This 
corresponds to a frequency range of 0.9 to 1.1 times f 0 . to 

However, improving QMS instrument resolution, by cre- 
ating islands of stability involves, in addition to energizing the 
QMS with the RF signal of frequency £2, energizing the QMS 
with an RF signal at an auxiliary frequency w that is prefer- 
ably near, andnot necessarily exactly at some integer multiple 15 
of the fundamental frequency £2. However, when driving the 
tank circuit 10 with the RF signal at the auxiliary frequency oo 
the frequency dependent impedance of the inductor 13 and 
capacitive element 14 comprising intra-quadrupole rod 
capacitance C do not cancel each other. Consequently, the 20 
tank circuit 10 presents a substantial impedance to the RF 
signal at the auxiliary frequency co, thus expending higher 
levels of power to produce the desired auxiliary excitation. In 
space-related applications providing this higher power is pro- 
hibitively expensive and impractical. Even selecting the aux- 25 
iliary frequency w to be close to the fundamental RF fre- 
quency Q and the resonant frequency f 0 of the circuit can 
require significant power levels. 

In an example implementation, to ameliorate the previ- 
ously described shortcomings of the current QMS technol- 30 
ogy, a series LC circuit 51 comprising inductive elements 
52-1 and 52-2 having inductances L 2 and L 2 respectively and 
capacitive element 53 having capacitance Cj is electrically 
comiected in parallel with the representative capacitive ele- 
ment 54 having capacitance C , which is representative of 35 
the intra-quadrupole rod capacitance contributed by the qua- 
drupole rods of the QMS, as depicted in FIG. 2. The inductive 
values Lj and L, and the capacitance C j are determined using 
circuit synthesis techniques, for example Foster’s reactance 
theorem of the 2 nd kind. The circuit synthesis technique is 40 
appropriately configured or constrained in a mamier such that 
the determined inductive values Lj and L, and the capacitance 
Cj will result in a tank circuit 50 that has one resonant fre- 
quency at f 0 , which is equal or close to the RF signal of 
fundamental frequency £2, and a secondary resonant fre- 45 
quency at f 1; which is equal or close to the RF signal of the 
auxiliary frequency to. The tank circuit 50 may be referred to 
as a “multi -resonant” tank circuit, in part, because tank circuit 
50 has a first resonant frequency at f 0 and a second resonant at 
fj. 50 

In this example, energizing the tank circuit 50 with a com- 
posite signal comprising a RF signal at fundamental fre- 
quency Q and excitation RF signal at auxiliary frequency to 
will produce appropriate voltage drops at reduced power 
across the quadrupole rods because c=f 0 and wM). In the 55 
example, L 15 L 2 and Cj are selected such that u)=2*£2 to 
generate islands of stability which can improve the sensitivity 
of the instrument. The circuit synthesis can be perfonned on 
a computing device by employing any available signal pro- 
cessing or computational software application, MATLAB for 60 
example. 

FIG. 3 is a schematic representation of another example of 
a tank circuit 70 where the LC circuit 51 of FIG. 2 is replaced 
with an impedance network 72 comprising electrical ele- 
ments (not shown) having electronically selectable and tun- 65 
able inductance and capacitance values. By employing suit- 
able circuit synthesis techniques, appropriate inductance and 
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capacitance value may be determined so as to produce desired 
resonant frequency points in the tank circuit 70. Further, 
suitable combinations of capacitance and inductance values 
can be dynamically selected in the impedance network 72 to 
create a tank circuit 70 with any desired number of resonant 
frequencies. Thus, by engaging different capacitive and 
inductive values in the impedance network, the secondary 
resonant frequency, f t , of the circuit can be changed allowing 
auxiliary frequency to which ranges from 0£2-0.1£2, 0.9£2- 
1.1Q, 1.9Q-2.1Q, 2.9£2-3.1£2, etc. to be power-efficiently 
introduced into the QMS. Based on the electrical character- 
istics of the tank circuit 70, in this example, in part for power 
efficient operation, it is desirable if first resonant frequency, 
f 0 , is related to the fundamental frequency Q as (n+0.9)*£2 to 
(n+ 1 . 1 )*£2, where n is a whole number. Similarly, it is desir- 
able if second resonant frequency, f 2 , is related to the auxil- 
iary frequency co as (n+0.9)*co to (n+l.l)*co, where n is a 
whole number. Of course, the first resonant frequency, f 0 and 
the second resonant frequency, f 2 may be outside the range 
specified above in other examples. For example, the deviation 
window of 0.1 (i.e., Q+/-0.1 and W+/-0.1) may be replaced 
with another deviation window that is larger than or less than 
0 . 1 . 

In one example the impedance network 72 may include a 
varactor diode, winch may be adjusted by an external voltage 
source to adjust its capacitance allowing the second resonant 
frequency fj to be varied. This allows the power-efficient 
excitation of the QMS at the fundamental frequency Q and 
RF signals at auxiliary frequency co which range from 
0£2-0.1£2, 0.9Q-1.1Q, 1.9Q-2.1Q, etc. In another example a 
combination of capacitance and inductance can be selected in 
the impedance network to generate more than two resonant 
points in the circuit. 

FIG. 4 is a schematic representation of another example 
electrical circuit 400, where an external controller 401 gen- 
erates the RF signal at fundamental frequency £2 and the RF 
excitation signal at auxiliary frequencies co. The controller 
401 combines the two signals together with the DC voltage 
and excites the primary coil 403 of the transformer 404 of the 
QMS. 

Simultaneously, the controller 401 selects inductance and 
capacitance values for the tunable electrical elements (not 
shown) in the impedance network 405 and engages the tun- 
able electrical elements in the impedance network 405 so as to 
introduce the selected inductance and capacitance values into 
the tank circuit 406. The tank circuit 406, in this example, 
comprises the secondary coil 407 of the transformer 404, the 
inductive and capacitive elements selected in the impedance 
network 405 and the representative capacitive element 408 
having capacitance C qp , which is representative of the intra- 
quadrupole rod capacitance contributed by the quadrupole 
rods 409 of the QMS. As described with respect to FIG. 3, 
values of the inductive and capacitive elements selected in the 
impedance network 405 of the tank circuit 406 produce a tank 
circuit 406 that has a first resonant frequency at f 0 and a 
second resonant at I’, . By selecting appropriate inductance 
and capacitance values for impedance network 405, the con- 
troller 401 can ensure that the fundamental frequency £2 and 
auxiliary frequency w of the generated RF signals are close or 
equal to the first resonant frequency at f 0 and a second reso- 
nant at f : of the tank circuit 406. 

In this example, the controller 401 is implemented in a 
Field Programmable Gate Array (FPGA) device 410. Pro- 
grammable logic primitives in the FPGA 410 synthesize the 
fundamental RF signal of frequency £2 in the main Direct 
Digital Synthesis (DDS) block 411 and the excitation RF 
signal of frequency m in the auxiliary DDS block 412. 
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The FPGA 410 combines the two RF signals to generate a 
composite RF signal wherein the RF signal of auxiliary fre- 
quency o> “modulates” the RF signal of fundamental fre- 
quency Q. The resulting composite RF signal drives the input 
of a linear amplifier 421 . The linear amplifier 421 amplifies 
the signal level and increases the current drive. In another 
example the output impedance of the linear amplifier 421 is 
used to match input impedance presented by the primary coil 
403 of the transformer 404 . The FPGA separately introduces 
the DC voltage into the tank circuit 405 , composed of the 
secondary coil 403 of the transformer 404 , the impedance 
network 405 and the representative capacitance element 408 
having capacitance C , which is representative of the intra- 
quadrupole rod capacitance contributed by the quadrupole 
rods 409 of the QMS. In this example, the DC voltage is 
amplified by a second linear amplifier 424 . In another 
example, a DC-DC converter (not shown) may be used to 
increase the voltage and current drive of the DC signal before 
introducing it into the tank circuit 405 . Thus the FPGA may 
control power-efficient excitation of the QMS at the funda- 
mental frequency fi and RF signals at auxiliary frequency w 
which range from 0-0. IQ, 0.9-1.1Q, 1.9-2.1Q, etc. 

The FPGA 410 reads a QMS mass selector input 422 . The 
FPGA uses the settings on the QMS mass selector input 422 
to determine the appropriate amplitudes for the RF signals 
generated at fundamental frequency Q and auxiliary fre- 
quency w. As previously explained, based on the amplitudes 
of the RF signals only ions having a mass corresponding to 
the mass selected by the QMS mass selector input 422 will 
pass through the islands of stability created in the electric field 
generated by the two pairs of quadrupoles rods 408 . One will 
recognize that the FPGA 410 will energize (drive) both the 
pairs of quadrupole rods simultaneously; the only difference 
being that the second pair of quadrupoles will be driven with 
the opposite polarity. 

In part, by utilizing the feedback signal 423 , the FPGA 410 
detects the voltage drop generated across the impedance net- 
work 405 at the fundamental frequency Q and the auxiliary' 
frequency m, in response to energizing the tank circuit 406 
with the composite RF signal and the DC signal. The FPGA 
may adjust the fundamental frequency Q and auxiliary fre- 
quencies co of the generated RF signals and amplitudes of the 
RF signals to maximize the voltage drop across the imped- 
ance network. Separately, the FPGA 410 may adjust the val- 
ues for the inductive and capacitive elements in the imped- 
ance network 405 . 

In one of the examples, a separate computing device (not 
shown) generates the digital data required to synthesize the 
RF signals at fundamental frequency Q, and the auxiliary 
frequency co, using a signal processing software application 
such as MATLAB. The computing device provides this digi- 
tal data to the FPGA 410 . The FPGA uses this digital data to 
synthesize the RF signals at fundamental frequency Q and the 
auxiliary frequency co. 

In one of the examples, the FPGA includes a control logic 
block 419 that communicates with the separate computing 
device executing the signal processing software application 
such as MATTAB via a PCI interface 425 . In another embodi- 
ment, the control logic block 419 comprises logic to commu- 
nicate with the computing device via a compact PCI interface 
or a USB interface or a Bluetooth interface or an ethernet 
interface or any other serial or parallel, wired or wireless 
interface architecture. 

In one of the examples, the FPGA 410 includes DDS 
blocks. The main DDS logic block 411 generates the RF 
signal at the fundamental frequency Q. The auxiliary DDS 
logic block 412 generates the RF excitation at the auxiliary 
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frequency co. An adder element 413 in the FPGA 410 com- 
bines the digital data generated by the main and auxiliary 
DDS logic blocks 411 412 of the FPGA. The combined digi- 
tal data generated by the adder 413 drives the input of a 
5 digital-to-analog convertor (DAC) 414 . 

In some examples, the digital data driving the DAC 414 can 
be in a serial or parallel format and can be encoded in one’s 
compliment, two’s compliment or any other format that the 
DAC can accept. The analog output of the DAC 414 which is 
to a composite RF signal constitutes the driving waveform that 
drives the linear amplifier 421 . 

In some examples the QMS mass selector input 422 is an 
analog signal that drives the input of the analog-to-digital 
convertor (ADC) 420 . The level of the analog signal relates to 
15 the mass of the ions that are of interest. The control logic 419 
utilizes the digital output of the ADC 420 to control the main 
and auxiliary DDS blocks 411 and 412 to generate the RF 
signals at the fundamental frequency C2 and auxiliary fre- 
quency to corresponding to the QMS mass select. 

20 One will recognize that the QMS mass selector input 422 
can be automatically swept by an external device. In one of 
the examples, sweeping the QMS mass selector input causes 
the control logic 419 to vary the DC and RF voltages to 
produce a mass spectrum measurement. The control logic 
25 also generates the digital signals necessary to provide appro- 
priate driving amplitudes of the RF signals at frequency Q and 
auxiliary frequency co. 

The digital signals are converted by the DAC 414 to gen- 
erate an analog signal that is used to drive the tank circuit 406 
30 with the composite RF signal of frequency Q and auxiliary 
frequency co. In another example, a second analog signal from 
the DAC 415 adjusts the inductance or the capacitance or a 
combination of the inductance and the capacitance of the 
impedance network 405 . In yet another example, the second 
35 analog signal will adjust a varactor diode to change the 
capacitance of the impedance network 405 . In still another 
example, other types of variable capacitors and inductors, 
including digitally controlled variable capacitors or inductors 
can be used instead, to vary the impedance of the impedance 
40 network 405 . One will recognize that level shifters and/or 
protocol convertors may need to be employed to maintain 
compatibility between the outputs and inputs of the FPGA 
410 and external devices. 

The linear amplifier 421 amplifies the driving waveform 
45 produced by the DAC 414 . One skilled in the art will recog- 
nize that the linear amplifier 421 can be a discrete device 
using high power FET, BJT, or MOSFET transistor or inte- 
grated in an integrated circuit. In some examples, the gain of 
the linear amplifier 421 can be controlled by the control logic 
50 419 . In yet other examples 421 , the linear amplifier is selected 
so that its output impedance is matched to the input imped- 
ance of the primary of the step-up transformer. One skilled in 
the art will recognize that other impedance matching tech- 
niques can be employed to reduce distortion. 

55 Although in the example of FIG. 5 , a linear amplifier 421 is 

utilize to amplify the driving waveform produced by the DAC 
414 , in other examples a non-linear amplifier may be utilized. 
Examples of such non-linear amplifiers include amplifiers 
configured to operate as class C amplifiers. Although an 
60 amplifier configured to operate as a class C amplifier may 
“clip” the driving waveform (the composite RF signal) 
thereby causing distortion, however when the amplifier is 
coupled to a resonant circuit such as tank circuit 405 , distor- 
tion contributed by harmonics of the fundamental frequency 
65 and the auxiliary frequency are suppressed or filtered result- 
ing in power efficient operation at the fundamental at fre- 
quency Q and auxiliary frequency to. 
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In some examples, the feedback line 423 is electrically 
connected from the impedance network 405 to the analog-to- 
digital convertor (ADC) 416. The signal on the feedback line 
423 (feedback signal) is an electrical representation of the 
voltage drops across the quadrapole rods 407. For example, 5 
the feedback signal may indicate a frequency-dependent 
power usage level of the quadrupole assembly and thus pro- 
vide a signal from which the control logic 419 may determine 
which particular amplitude on the auxiliary frequency value 
is optimum for most efficient power operation. In other to 
examples, the feedback signal 423 may be determined in such 
a way that the apparatus may additionally, or separately, 
determine which auxiliary frequency, with a range of fre- 
quencies (e.g., 0.9-2. IQ), is preferred for optimum operation. 

The impedance network 405 is adapted with a tunable 15 
element to enable the control logic 419 to select a band of 
frequencies that are transmitted back on the feedback signal 
423. The ADC 416 converts the feedback signal 423 to its 
digital representation. The output of the ADC 416 is con- 
nected to a peak and phase detector 417. In one example, the 20 
peak detector 417 determines the signal amplitudes of all 
frequency components as observed by the quadrupole rods. In 
another example, the control logic 419 ensures that maximum 
voltage drops occur at RF fundamental frequency £2 and RF 
excitation auxiliary frequency w, by adjusting elements in the 25 
impedance network 405, as previously discussed. 

In another example, the phase detector of the peak and 
phase detector block 417 detects the phase mismatch between 
the fundamental frequency Q and RF excitation auxiliary 
frequency to. One skilled in the art will recognize that phase 30 
differences between Q and w can affect the accuracy of the 
shape of the islands of instability in the electric field gener- 
ated by the quadrupole rods. The control logic 419 block 
utilizes the output of the phase detector block to adjust the 
main and auxiliary DDS blocks 411 and 412 to maintain the 35 
RF fundamental and auxiliary signals in phase which each 
other. 

One skilled in the art will recognize that the control logic 
block 419 implements a closed loop control system by adjust- 
ing the main and auxiliary DDS blocks 411 and 412, the gain 40 
of the linear amplifiers 421 and 424 and the values of capaci- 
tive and inductive elements in the impedance network 405 to 
ensure that the peak and phase detector block detect the 
appropriate voltage drop across the impedance network and 
the quadrupole rods 408 at fundamental frequency £2 and 45 
auxiliary frequency co which corresponds to the mass selected 
at the QMS mass selector input 422. 

In some examples, the computing device can automatically 
step the QMS mass selector through various mass setting 
under external program control. In this mode the QMS will 50 
generate a mass spectrum across the masses of interest. 

In some examples, the computing device provides the 
FPGA 410 with the desired co/fi ratio and the control logic 
419 of the FPGA 410 generates digital representation of RF 
signals at frequency 12 and auxiliary frequency w in the main 55 
and auxiliary DDS 411 and 412 blocks. 

In some examples, the control logic 419 utilizes phase 
locked loops (PLLs) to generate the RF signals at fundamen- 
tal frequency 12 and auxiliary frequency to. The control loop 
implements Fast Fourier Transforms (FFT) to filter the output 60 
of the PLLs to generate a sinusoidal representation of the RF 
fundamental and auxiliary signals at 12 and co. 

In other examples, the FPGA 410 may be replaced with a 
microcontroller board comprising a microcontroller that 
communicates with the QMS mass selector input 422 and the 65 
computing device via a PCI, compact PCI, USB, or other bus 
architecture. The microcontroller may be connected to exter- 
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nal ADCs, DACs and peak and phase detector modules. The 
ADC, DAC and QMS mass selector may be connected to the 
microcontroller over a serial bus, which may be a synchro- 
nous or asynchronous bus capable of unidirectional and/or 
bidirectional communication. One skilled in the art will rec- 
ognize that any one of the available parallel bus architectures 
can be employed instead. 

In yet another example, the FPGA 410 may encapsulate a 
soft core processor like the NIOS, POWERPC or ARM. In 
this embodiment, the FPGA 410 may be connected to exter- 
nal non-volatile memory including, but not limited to, NAND 
or NOR flash, in which resides the software program which 
executes on the software processor. In yet another embodi- 
ment, the software program executes in Random Access 
Memory (RAM) including, but not limited to, Static RAM 
(SRAM), Dynamic RAM (DRAM), and Dual Data Rate 
(DDR) RAM. In yet another embodiment, the FPGA stores 
configuration data in parallel Electrical Erasable Program- 
mable Read-Only Memory (EEPROM) or serial EEPROM 
connected to the FPGA using, but not limited to, the SPI, I2C 
or 1 -wire interface. 

In yet another embodiment, the FPGA 410 is placed on a 
PCI plug in card, which is inserted into the PCI slot of a 
general purpose computer. In yet another embodiment, the 
FPGA reports operation data to the general purpose computer 
where it is recorded. 

FIG. 5 is yet another example of a multi -resonant tank 
circuit control system 450, also simply referred to as the 
control system 450, that may be used to control the operation 
of a QMS 474 and more specifically enable energizing the 
quadrupole rods 468 of the QMS 474 with a composite RF 
signal comprising at least a first RF signal having fundamen- 
tal frequency £2 and a second RF signal auxiliary frequency to. 
As previously described, appropriate capacitive and inductive 
elements in an impedance network 466 are selected, such that 
first and second resonant frequencies of the tank circuit 470 
correspond to the fundamental frequency £2 and the auxiliary 
frequency co of the composite RF signal. In this example the 
multi-resonant tank circuit control system 450 is adapted with 
an input/output system 454 which permits “standalone” 
operation of the control system 450. 

In this example, a user may provide a digital logic and 
control block 452 with information corresponding to the 
desired fundamental frequency £2 and auxiliary frequency to 
via the input/output system 454 . Separately, the user may also 
provide the peak or average signal level for the generated 
composite RF signal and the voltage level of the DC signal . As 
previously discussed, the digital logic and control block 452 
may utilize the DDS block 456 to synthesize the RF signals 
having the desired fundamental frequency £2 and auxiliary 
frequency to. The digital logic and control block 452 may 
determine appropriate values for capacitive and inductive 
elements in the impedance network 466 based on the user 
provided fundamental frequency £2 and auxiliary frequency 
co. The digital logic and control block 452 may adjust capaci- 
tive and inductive elements in the impedance network 466 
based on the determined values. Of course, the values deter- 
mined would cause the resulting tank circuit 470 to have a first 
resonant frequency f 0 and a second resonant frequency f 1; 
where f 0 corresponds to fundamental frequency £2 and f t 
corresponds to auxiliary frequency co. 

In this example, the logic and control block 452 may peri- 
odically monitor the feedback signal 472 to determine, in 
part, a deviation in the first and/or second resonant frequency 
of the tank circuit 470. As previously mentioned, this devia- 
tion may occur due to variations in the functional character- 
istics of the capacitive and inductive elements in the imped- 
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ance network 466. Hie logic and control block 452 may detect 
this deviation and adjust the values of the capacitive and 
inductive elements in the impedance network to ensure that 
the first resonant frequency f 0 is close or equal to fundamental 
frequency £2 of the RF signal and the second resonant fre- 
quency fj is close or equal to auxiliary frequency oi of the RF 
signal. The logic and control block 452 may be implemented 
in an FPGA in one example. In another example, the logic and 
control block 452 may comprise a microprocessor, or con- 
troller. In this example, portions of the functional aspects of 
the logic and control block 452 may be implemented as soft- 
ware instructions or programs. In this example, the software 
instructions may be stored in non-volatile storage (not shown) 
and executed from volatile (not shown) or non-volatile 
memory. 

Next discussed are several methods and algorithms that 
may be implemented to allow for auxiliary parametric fre- 
quency excitation of a QMS adapted with a multi-resonant 
apparatus such the one described with reference to FIG. 2. 
The methods may be implemented as software objects 
adapted to execute on a soft core processor. The software 
objects may include software libraries, which implement 
FFT, IFFT adaptive feedback control routines, etc. 

FIG. 6 is a flow diagram of an example method 700 that 
may be implemented in the digital logic and control block 402 
of the voltage control system 400 of FIG. 4 to produce aux- 
iliary parametric frequency excitation of a QMS. As previ- 
ously described, the voltage control system 400 is used, in 
part, to generate i) RF fundamental and auxiliary signals of 
the desired amplitude at frequency Q and to, and ii) DC 
voltage of the appropriate magnitude. By way of example and 
not by way of limitation, the several example blocks of 
method 700 are described with reference to the voltage con- 
trol system 400 of FIG. 4. Although the foregoing discussion 
makes references to two frequencies (frequency Q and to) and 
two resonant frequencies (first and second resonant frequen- 
cies), the method may be implemented to cause auxiliary 
parametric frequency excitation of a QMS at more than two 
frequencies. 

At block 702, an indication is received to initiate the gen- 
eration of an RF fundamental and auxiliary signal. An indi- 
cation corresponding to the desired DC voltage level (U) may 
also be received at block 702. The indication may correspond 
to user input received via the input/output system 404 of the 
voltage control system 400. The indication may include for 
example, the frequencies £2 and co for the RF fundamental and 
auxiliary signals. The indication may also include the desired 
peak amplitude or signal strength of the RF fundamental and 
auxiliary signals. The desired frequencies £2 and co may cor- 
respond to the first and second resonant frequency of the RC 
circuit 420, which comprises the tank circuit 416 and the 
capacitance C qp contributed by the QMS rods 418. Also 
included in the indication may be a relative phase difference 
between the RF fundamental and auxiliary signals. 

As previously described, variations in electronic compo- 
nent values may cause drifts or changes in the first and second 
resonant frequencies of the RC circuit 420. To mitigate the 
effects of these variations, the method implemented at block 
704 may adjust the values of the tank circuit 416 to align the 
first and second resonant frequencies of the RC circuit 420 
with the desired frequencies £2 and co for the RF fundamental 
and auxiliary signals. By utilizing the RF feedback 422, the 
method implemented at block 704 may perform a “closed- 
loop calibration” of the RC circuit 420. For example, the 
method implemented at block 704 may iteratively drive the 
RC circuit 420 with signals having a frequency £2 and co and 
adjust component settings (a tunable capacitor or inductor, 
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for example) of the tank circuit 416, to align the first and 
second resonant frequency of the RC circuit 420 with the 
frequency £2 and co, respectively. The adjusted values of the 
component settings may be stored in non-volatile storage for 
5 future retrieval or calibration, for example. Of course, the 
method implemented at block 704 may utilize the DDS block 
406 to synthesize signals having the frequencies £2 and co, 
which may then be used to drive the RC circuit 420. The RF 
fundamental and auxiliary signals generated may be in phase 
to or out of phase relative to each other. As previously men- 
tioned, the phase difference may be received from the user at 
block 702 as a configuration parameter. 

At block 706, the method 700 may configure the DDS 
block 704 to synthesize signals having frequencies of £2 and 
15 co. Of course, the frequencies of the synthesized signals 
would be closely aligned to the first and second resonant 
frequencies of the RC circuit 420. 

At block 708, the DAC 410 may be appropriately config- 
ured to generate the desired DC voltage (U). Also, the method 
20 implemented at block 708 may configure the DAC 410 to 
appropriately configure the amplitudes of the RF fundamen- 
tal and auxiliary signals that are synthesized by the DDS 
block 406. The gain of the RF amplifier 414 and the DC 
amplifier 412 are adjusted to generate the desired DC voltage 
25 (U) and a composite signal comprising the RF fundamental 
and auxiliary signals having the desired RF voltage (V). In 
some scenarios, the method implemented at block 708 may 
perform closed-loop monitoring of the RF amplifier 414 and 
the DC amplifier 412 in part to stabilize the voltage levels. 
30 The signals generated at the output of the RF amplifier 414 
and the DC amplifier 412 are used to drive the RC circuit 420, 
thereby causing excitation of the QMS rods 4 1 8 with i) the RF 
fundamental and auxiliary signals having frequencies of £2 
and co and ii) RF voltage level (V) and the DC voltage (U). 
35 At block 710, the method may transmit to a master control 
(not shown) an indication that the QMS is configured. Of 
course, the method 700 may continue to perform closed-loop 
monitoring of the voltage control system 400. 

FIG. 7 is a flow diagram of an example method 720 that 
40 may be implemented to perform periodic closed-loop tuning 
of a multi-resonant circuit. In some scenarios, the method 720 
may be periodically initiated (timer expiration, for example). 
In other scenarios, a user may cause the “on-demand” execu- 
tion of the method 720. Of course, any suitable means may be 
45 implemented to initiate the method 720. Referring to FIG. 4, 
the RC circuit 420 comprising the tank circuit 416 and the 
capacitance C of the QMS 418 is an example of such a 
multi-resonant circuit. The method 720 may, for example, be 
implemented in the digital logic and control block 402 of the 
50 voltage control system 400. The method 720 may be imple- 
mented to be performed in conjunction with the normal 
operation of the QMS. As previously discussed, during nor- 
mal operation, the RC circuit 420 is excited with the synthe- 
sized RF fundamental and auxiliary signals having frequen- 
55 cies of £2 and co and RF voltage level (V), and the DC voltage 
(U). In some scenarios, the method 720 may be periodically 
initiated (timer expiration, for example). In other scenarios, a 
user may cause the “on-demand” execution of the method 720 
via the input/output system 404. Of course, any suitable 
60 means may be implemented to initiate the method 720. 

At block 722, the resonant characteristics of the multi- 
resonant circuit may be determined. This step may be per- 
formed, for example, by initiating a “read back” of the RF 
feedback 422 . The method may initiate a read back by causing 
65 the ADC 408 to digitize the signal received via the RF feed- 
back 422. By selecting an appropriate sampling rate, the ADC 
408 may be utilized to digitize a band of frequencies, which 
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include the signals having the frequencies £3 and at. Suitable 
IFFT algorithms may be implemented at block 722 to analyze 
the amplitudes of the digitized signal across a range of fre- 
quencies. The result of the analysis may include the ampli- 
tudes of the digitized signal at several frequencies including 
the frequencies Q and m. 

At block 724, the amplitudes of the digitized signal may be 
analyzed to identify if the first and second resonant frequen- 
cies of the RC circuit 420 have drifted. The result of the 
analysis may include the generation of an indication corre- 
sponding to the error between the desired first and second 
resonant frequencies of the RC circuit 420 (frequencies Q and 
a>) and the actual first and second resonant frequencies of the 
RC circuit 420. The drift may also cause a change in the 
relative phase difference between the RF signals. The peak 
and phase detector 417 of FIG. 4 may detect this change in 
phase. 

The resulting error may be converted into an error signal at 
block 726. The error signal may be utilized to adjust compo- 
nent settings (a tunable capacitor or inductor, for example) of 
the tank circuit 416, to align the first and second resonant 
frequency of the RC circuit 420 with the frequency £2 and n>, 
respectively. The method implemented at block 726 may 
iteratively adjust component settings based on repeated digi- 
tization of the RF feedback 422 by the ADC 408, to minimize 
the error. Any phase difference detected by peak and phase 
detector 417 may be adjusted for as well. 

While the present invention has been described with refer- 
ence to specific examples, which are intended to be illustra- 
tive only and not to be limiting of the invention, it will be 
apparent to those of ordinary skill in the art that changes, 
additions, and/or deletions may be made to the disclosed 
embodiments without departing from the spirit and scope of 
the invention. 

The foregoing description is given for clearness of under- 
standing only, and no unnecessary limitations should be 
understood therefrom, as modifications within the scope of 
the invention may be apparent to those having ordinary skill 
in the art. 

What is claimed: 

1. A method of isolating a sample characterized by a char- 
acteristic atomic mass unit per charge value using a quadra- 
pole assembly, the method comprising: 

injecting the sample into the quadrapole assembly, where 
the quadrapole assembly is formed of two pairs of 
opposing quadrapole rods; and 

adjusting the impedance characteristic of the quadrapole 
rods to set a first resonant point and a second resonant 
point for the quadrapole assembly, such that the first 
resonant point substantially corresponds to a first reso- 
nant frequency of the quadrapole assembly and such that 
the second resonant point substantially corresponds to a 
second resonant frequency of the quadrapole assembly, 
wherein the second resonant frequency is different than 
first resonant frequency. 

2. The method of claim 1, further comprising driving the 
quadrapole assembly at a drive excitation signal having com- 
ponents at the first resonant frequency and at the second 
resonant frequency. 

3. The method of claim 2, wherein the second resonant 
frequency is substantially set at a resonant mode of the first 
resonant frequency. 

4. The method of claim 2, wherein the first resonant fre- 
quency is £2 and the second resonant frequency is within the 
range of (n+0.9)*£2 to (n+l.l)*£2, where n is a whole number. 
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5. The method of claim 4, wherein the second resonant 
frequency is at or near an integer multiple of the first resonant 
frequency. 

6. The method of claim 2, further comprising adjusting 
5 either the amplitude of the drive excitation signal component 

at the first resonant frequency or the amplitude of the drive 
excitation signal component at the second resonant fre- 
quency. 

7. The method of claim 6, further comprising adjusting the 
10 amplitude of the drive excitation signal component at the first 

resonant frequency and the amplitude of the drive excitation 
signal component at the second resonant frequency. 

8 . The method of claim 1 , further comprising adjusting the 
j - amplitude of the drive excitation signal in response to a feed- 
back signal indicating a frequency-dependent power usage 
level of the quadrapole assembly. 

9. The method of claim 1, further comprising ionizing a 
precursor object to form the sample prior to injecting the 

20 sample into the quadrapole assembly. 

10. An apparatus to control a Quadrapole Mass Spectrom- 
eter (QMS), the apparatus comprising: 

an impedance network to receive a drive excitation signal 
to provide power to the QMS and to produce a fre- 
25 quency-dependent power usage level feedback signal; 
and 

a controller configured to transmit the drive excitation to 
the impedance network, wherein the controller is 
coupled to receive the frequency-dependent power 
usage level feedback signal and wherein the controller 
controls the amplitude component of the drive excitation 
signal. 

1 1 . The apparatus of claim 1 0, wherein the controller con- 
35 trols the frequency component of the drive excitation signal. 

12. A method for energizing a multi -resonant tank circuit 
with a composite signal, the multi-resonant tank circuit com- 
prising a plurality of components wherein the plurality of 
components include a multiplicity of capacitive elements and 

40 a plurality of inductive elements, the method comprising: 

generating a first signal having a first frequency, wherein 
the first frequency corresponds to a first resonant fre- 
quency of the multi-resonant tank circuit, and wherein 
the first signal is generated from a clock source; 

45 generating a second signal having a second frequency, 
wherein the second frequency corresponds to a second 
resonant frequency of the multi-resonant tank circuit, 
and wherein the second signal is generated from the 
clock source; 

50 synthesizing a composite signal by utilizing the first signal 
and the second signal; 

and 

coupling the composite signal to the multi -resonant tank 
circuit thereby causing the multi-resonant tank circuit to 
55 be energized at, at least the first resonant frequency and 
the second resonant frequency. 

13. The method of claim 12, wherein a one of the multi- 
plicity of capacitive elements corresponds to the intra-qua- 
drapole rod capacitance of a Quadrapole Mass Spectrometer 

60 (QMS). 

14. The method of claim 12, wherein the first signal is in 
phase with the second signal. 

15. The method of claim 12, wherein the first signal is out 
of phase with the second signal. 

65 16. The method of claim 12, wherein the first frequency is 

£2 and the second resonant frequency is within the range of 
(n+0.9)*£2 to (n+1 .1 )*£2, where n is a whole number. 
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17. The method of claim 12, wherein an amplitude of the 
first signal and an amplitude of the second signal are config- 
urable. 

18. The method of claim 13, wherein the composite signal 

is coupled to the multi-resonant tank circuit via a primary coil 5 
of a transformer. 

19. The method of claim 18, wherein a secondary coil of 
the transformer is a one of the plurality of inductive elements. 

20. The method of claim 12, further comprising analyzing 

a feedback signal received from the multi-resonant tank cir- to 
cuit. 

21 . The method of claim 20, further comprising adjusting a 
one of the multiplicity of capacitive elements or a one of the 
plurality of inductive elements to cause the first resonant 
frequency of the multi-resonant tank circuit to be substan- 15 
tially equal to the first frequency and the second resonant 
frequency of the multi-resonant tank circuit to be substan- 
tially equal to the second frequency. 

22. The method of claim 12, further comprises receiving an 
indication from a user for a first value for the first frequency 20 
and a second value for the second frequency. 

23. The method of claim 22, further comprises adjusting a 
one of the multiplicity of capacitive elements or a one of the 
plurality of inductive elements to cause the first resonant 
frequency of the multi-resonant tank circuit to be substan- 25 
tially equal to the first value for the first frequency and the 
second resonant frequency of the multi-resonant tank circuit 

to be substantially equal to the second value for the second 
frequency. 



